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相应最适宜担载量以 Cu计为 20.0wt%（相应之 Cu6Zn3Al1担载量为 32%）。
实验结果表明，所制备 32%Cu6Zn3Al1/CNTs催化剂在 463 K反应温度下对
CO/CO2加氢成甲醇就显示出相当可观的催化活性，这比其它三种常规载体
负载的相应参比催化剂上甲醇合成反应的起动温度低约 15~30 K；在
508~513 K，2.0 MPa, H2/CO/CO2/N2= 62/30/5/3(v/v), GHSV= 3000mL (STP) 
h-1 (g-catal.)-1的反应条件下，其甲醇时空产率达 283~293 mg h-1 (g-catal.)-1，
相应的 CO转化率为 20.6~21.6 %，分别是 AC、SiO2和 γ-Al2O3负载相应催




转化率分别达到 313 mg-CH3OH h-1 (g-catal.)-1和 23.4％，比以水为溶剂制备
之催化剂的提高约 8-7 %。 
b) 比表面积及 Cu表面积的测试结果表明，在四中不同载体负载体系中，碳纳
米管负载体系 32%Cu6Zn3Al1/CNTs的 BET-比表面积最小，只达 94.5 m2g-1，
分别为 AC、SiO2和 γ-Al2O3负载相应体系（195.2、144.2和 131.9 m2g-1）
的 48%、66% 和 72%，但 32%Cu6Zn3Al1/CNTs 的 Cu 表面积却最高，达
22.9 m2g-1，分别比 AC、SiO2 和 γ-Al2O3负载相应体系的（16.4、14.6和 13.0 
m2g-1）高出 40%、57%和 76%。上述不同载体负载的四种催化剂对 CO/CO2
加氢成甲醇催化活性的高低顺序与它们的 Cu表面积的大小顺序相一致。 


















序为：32%Cu6Zn3Al1/CNTs >> Cu6Zn3Al1/AC > Cu6Zn3Al1/SiO2 ≈ Cu6Zn3Al1/ 
γ-Al2O3，与它们催化活性的高低顺序相一致。 
d) H2-TPD观测揭示，在常温常压下碳纳米管载体上可以吸附、存储着数量相
当可观、并在 363-553 K温度范围处于可逆吸附−脱附的吸附氢物种；433 K
温度下 H2在 32%Cu6Zn3Al1/CNTs上吸附时，其相应 TPD高温脱附峰(峰Ⅱ)
的面积分别是 AC、SiO2和 γ-Al2O3负载相应体系的 1.74、2.24、3.41倍，
这一大小顺序与它们对甲醇合成的催化活性高低顺序相一致。 
e) XRD 表征结果显示，当选择 Cu+和 Cu0的主强线（2θ＝36.4O和 43.2O）的
相对强度比，I36.4(Cu+)/I43.2(Cu0)，粗略地作为反应 5.0小时后工作态催化剂
中两种 Cu物种（Cu+和 Cu0）的相对浓度比，对于工作态 32%Cu6Zn3Al1/CNTs
催化剂，它约等于 0.26；对于 AC、SiO2和γ-Al2O3分别负载相应工作态参
比体系，它们分别为 0.22，0.09，和 0.12，表明在工作态催化剂上共存着分
别含 Cu0和 Cu+的两类微晶相；在数量上前者约为后者的 4倍或更高。 
f) 工作态催化剂的 Cu(2P)-XPS和 Cu(LMM)- Auger谱的分析结果表明，在四









促进甲醇合成反应活性的提高。在 493 K，5.0 MPa，H2/CO/CO2/N2 = 


















催化剂上，甲醇的时空产率达 1320 mg h-1 (g-catal)-1；相应 CO转化率和本
征反应速度分别为 36.8%和 0.291 µmol-CH3OH s-1 (m2-surf. Cu)-1；而在相同
条件下、在非促进相应参比样Cu6Zn3Al1上，甲醇的时空产率只达916 mg h-1 
(g-catal)-1，相应 CO 转化率和本征反应速度分别为 25.5%和 0.233 
µmol-CH3OH s-1 (m2-surf. Cu)-1。 
b) 氧化前驱态试样的 H2-TPR 测试结果显示，CNTs 的加入明显地提高了 Cu-
基催化剂的可还原性；Cu6Zn3Al1-12.5wt%CNTs的H2还原主峰温度约为 493 
K，比相应参比样 Cu6Zn3Al1的还原主峰低约 20 K。  
c) H2-TPD观测表明，433 K温度下 H2在预还原 Cu6Zn3Al1-12.5%CNTs试样上
吸附时，其相应 TPD 低温峰(310～453K)和高温峰(453～773K)的面积强度





加。一系列催化剂试样对 H2的吸附量大小顺序为：Cu6Zn3Al1-12.5%CNTs > 
Cu6Zn3Al1-10.0%CNTs > Cu6Zn3Al1-15.0%CNTs > Cu6Zn3Al1-0.0%CNTs，与
它们对甲醇合成的催化活性高低顺序是相一致。 
d) CO-TPD观测揭示，433 K温度下 CO在预还原 Cu6Zn3Al1-12.5%CNTs试样
上吸附时，其相应 TPD 高温峰（相应于对甲醇合成可能作出实际贡献的
CO吸附物种的脱附）的面积明显地高于非促进的参比催化剂 Cu6Zn3Al1；
Cu-ZnO 基催化剂上 CO 吸附位主要包括 Cu+，Cu0和 Zn2+等三类表面位，
相应的 CO 吸附形式均为非解离式；在甲醇合成反应温度下，催化剂上的




















件下营造较高 CO(a)稳态浓度的表面氛围，以利于提高 CO 加氢反应的速
率。 
e) H2/CO和 H2/CO/CO2的 TPD-TPSR测试结果显示，适当添加少量 CNTs于
Cu-ZnO-Al2O3催化剂，能使所促进的 Cu 基催化剂对 H2和 CO 或 CO/CO2
共吸附的总吸附量大获提高。四种催化剂对 2H2/CO 和 62H2/30CO/5CO2
混 合 气 的 吸 附 能 力 高 低 顺 序 均 为 ： Cu6Zn3Al1- 12.5%CNTs > 
Cu6Zn3Al1-10.0%CNTs > Cu6Zn3Al1-15.0%CNTs > Cu6Zn3Al1- 0.0%CNTs，与
它们对甲醇合成的催化活性高低顺序相一致。在 H2/CO/CO2-TPD-TPSR测




f) XRD 测试结果显示，在工作态催化剂中最主要的微晶相是 Cu0X，其次是
Cu2O。若以 Cu+和 Cu0 的主强线（2θ＝36.4O 和 43.2O）的相对强度比，
I36.4(Cu+)/I43.2(Cu0)，粗略地作为反应 5.0小时后工作态催化剂中两种 Cu物
种（Cu+和 Cu0）的相对浓度比，则对于 Cu6Zn3Al1-12.5%CNT 催化剂该比































a) 碳纳米管是 Cu-Zn-Al-OX 催化活性组份优良的分散剂，促使催化剂的比表
面和 Cu表面大为增加，为 CO/CO2加氢反应提供更多的表面催化活性位。 
b) 碳纳米管是 H2优良的吸附、活化、存储剂，它有利于在工作态催化剂上营
造高稳态吸附氢浓度的表面氛围，这些活泼氢吸附物种通过“氢溢流”容
易传输至 Cu0或 Cu+-ZnO 活性位，于是有助于提高 CO/CO2加氢成甲醇反
应过程中一系列表面加氢反应的速率。 
c) 在碳纳米管促进的催化剂上 CO/CO2 加氢成甲醇的反应温度可以比相应非





























Extended  Abstract 
 
Among the C1 chemical, methanol is the species most widely used in various 
chemical applications, such as medication, pesticide, dye, synthetic resin, plastics 
industry and so on. More recently, it has been used as a clean synthetic fuel additive. 
Serious considerations have been given to it as an alternative fuel source, including 
as a convenient hydrogen carrier for PEM fuel cells. More active catalysts and 
lower-temperature processes with high syngas single-pass conversion have been the 
objectives for many research and development efforts. 
In the existing methanol synthesis technology, only a small part (~10%) of the 
syngas feed was converted to methanol, while a greater part of un-reacted feed, 
after separation from methanol, must be recycled again and again so as to enhance 
the utilization ratio of the syngas feed. The process and equipment were relatively 
complicated, and extra energy was consumed for the separation and recycling. In 
the recently proposed scheme of combined cycles (CIGCC) power generation with 
co-production of methanol, the syngas feed is supposed to pass “once-through” the 
converter for the performance of methanol-producing single-pass reaction, and after 
separation of methanol, the unconverted syngas along with small amounts of 
methane and other combustible side-products in the converter effluent to be burnt 
with appropriate amount of air in the combustion chamber in the last step of the 
CIGCC process. Thus the coal-based methanol production process can be simplified 
and production cost lowered considerably, especially since cheap syngas source is 
available during the low power demand hours of coal-based power plants, providing 
an excellent solution for the challenging “peaking problem” of coal-based power 
generation. In order to make the “once-through” process practical, single-pass 


















Thus, more active catalysts and lower-temperature processes with high single-pass 
conversion of syngas would be one of the key objectives for research and 
development efforts. 
Carbon-nanotubes (CNTs) are drawing increasing attention recently. This type 
of new carbon material possesses a series of unique features, such as, its nanosize 
channel, the highly conductive graphite-like tube-wall, the sp2-carbons- constructed 
surface, and its excellent performance of hydrogen adsorption. These features make 
the CNTs full of promise to be a novel catalyst carrier or even promoter.  
In the present work, highly active CNTs-supported/promoted Cu-based 
catalysts for methanol synthesis from H2/CO/CO2 were prepared and studied. The 
results shed light on the design and development of applicable catalysts. Several 
significant results are described as follows: 
 
1. Studies of Preparation and Characterization of CNTs-supported/promoted 
Cu-ZnO-Al2O3 Catalysts 
 
With a type of in-house synthesized multi-walled carbon nanotubes (CNTs) and 
the nitrates of the corresponding metallic components, highly active CNTs- 
supported/promoted Cu-ZnO-Al2O3 catalysts, symbolized as x%CuiZnjAlk/CNTs, 
were prepared by impregnation method. Their catalytic performance for methanol 
synthesis from H2/CO/CO2 was investigated and compared with those of the 
Cu-ZnO-Al2O3 systems supported by AC (active carbon), SiO2 and γ-Al2O3. It is 
experimentally found that the support can significantly affect the catalyst activity for 
methanol synthesis. Under the reaction condition of 2.0 MPa, H2/CO/CO2/N2 = 


















catalyst, methanol synthesis exhibited considerable reactivity at temperature as low 
as 463 K, and reached the highest STY, 287 mg-CH3OH h-1 (g-catal.)-1, at 508 K, 
which was 1.9, 2.1 and 2.5 times as high as that over the corresponding catalysts 
supported by AC, SiO2 and γ-Al2O3 at the respective optimal operating temperature, 
523, 523 and 543 K, respectively.  
The measurements of the BET-specific surface area (SSA) and Cu surface area 
showed that the sequence of SSA of these catalysts in the oxidation state was: 
32%Cu-ZnO-Al2O3/AC (195 m2g-1) > 32%Cu-ZnO-Al2O3/SiO2 (144 m2g-1) > 
32%Cu-ZnO-Al2O3/γ-Al2O3 (132 m2g-1) > 32%Cu-ZnO-Al2O3/CNTs (94.5 m2g-1), 
while the sequence of the corresponding Cu surface area was: 32%Cu-ZnO-Al2O3/ 
CNTs (22.9 m2g-1) > 32%Cu-ZnO-Al2O3/AC (16.4 m2g-1) > 32%Cu-ZnO-Al2O3/ 
SiO2 (14.6 m2g-1) > 32%Cu-ZnO-Al2O3/γ-Al2O3 (13.0 m2g-1). 
The H2-TPR spectra of precursors of these catalysts showed that their 
reducibility was in the sequence: Cu-ZnO-Al2O3/CNTs >> Cu-ZnO-Al2O3/AC > 
Cu-ZnO-Al2O3/SiO2 ≈ Cu-ZnO-Al2O3/γ-Al2O3, which was good consistent with the 
sequence of their catalytic activity for hydrogenation of CO/CO2 to methanol.  
The XRD determinations showed that, on the functioning catalyst, strong Cu0 
peaks (2θ = 43.2°, 50.4°, and 74.4°) and a weak Cu2O peak (2θ = 36.4°) were 
simultaneously observed, indicating that major amounts of the Cu-species was in 
Cu0 and minor in Cu2O in the functioning catalyst. 
The XPS-Auger measurements indicated that, on the functioning catalyst, the 
concentration of surface Cu+ was under the XPS detection limit, and Cu0 was the 
dominant surface Cu-species, with Cu0(2P3/2/2P1/2)= 932.7/952.7 eV(B.E.) and 
Cu0(LMM)= 568.3 eV(B.E.). 


















adsorb and store a considerable amount of hydrogen under atmospheric pressure in 
temperatures ranging from room temperature to ~573 K. TPD spectra of hydrogen 
adsorbed on the prereduced catalysts showed that the ratio of relative area-intensities 
of the higher-temperature peaks (peaks-II at 453~773 K), which was closely 
associated with surface hydrogen adspecies on the functioning catalysts, was 
(32%Cu6Zn3Al1/CNTs) / (32%Cu6Zn3Al1/AC) / (32%Cu6Zn3Al1/SiO2) / 
(32%Cu6Zn3Al1/γ-Al2O3) = 100/63/49/35. This suggested that the sequence of 
increasing concentration of hydrogen-adspecies at the surface of functioning 
catalysts was: 32%Cu6Zn3Al1/ CNTs > 32%Cu6Zn3Al1/AC > 32%Cu6Zn3Al1/SiO2 > 
32%Cu6Zn3Al1/γ-Al2O3, in line with the observed sequence of catalytic activity of 
these catalysts for the methanol synthesis.  This unique feature would be beneficial 
to generating micro-environments with higher stationary-state concentration of 
active hydrogen-adspecies on the surface of functioning catalyst, and thus 
favourable to increasing the rate of the surface hydrogenation reactions.  
 
2. Studies of Preparation and Characterization of CNTs-promoted 
Coprecipitated Cu-ZnO-Al2O3 Catalysts 
 
With a type of in-house synthesized CNTs and the nitrates of the corresponding 
metallic components, highly active CNTs-promoted Cu-ZnO-Al2O3 catalysts, 
symbolized as CuiZnjAlk-x%CNTs, were prepared by co-precipitation method. Their 
catalytic performance for methanol synthesis from H2/CO/CO2 was studied, and 
compared with the corresponding CNTs-free co-precipitated catalyst, CuiZnjAlk. It is 
experimentally found that appropriate incorporation of a minor amount of the CNTs 


















synthesis. Under the reaction conditions of 493K, 5.0MPa, H2/CO/CO2/N2 = 
62/30/5/3(v/v), GHSV = 8000h-1, the observed CO-conversion and methanol- 
formation rate over a co-precipitated catalyst of Cu6Zn3Al1-12.5%CNTs reached 
36.8% and 0.291µmol-CH3OH s-1 (m2-surf. Cu)-1, which was about 44% and 25% 
higher than those (25.5% and 0.233 µmol-CH3OH s-1 (m2-surf. Cu)-1 over the 
corresponding CNTs-free co-precipitated catalyst, Cu6Zn3Al1, respectively.  
The measurements of the BET-specific surface area and Cu surface area 
indicated that the doping of a minor amount of the CNTs led to a considerable 
increase in specific surface area and Cu surface area of catalyst, with 22% increase 
(i.e., from 50.3 to 61.4 m2g-1) in SSA and 16% increase (i.e., from 33.9 to 39.4 m2g-1) 
in Cu surface area observed for Cu6Zn3Al1-12.5%CNTs and the contrast system 
Cu6Zn3Al1-0.0%CNTs. 
The H2-TPR spectra of the catalyst precursors showed that the reducibility of 
those catalysts was in the sequence: Cu6Zn3Al1-12.5%CNTs > Cu6Zn3Al1- 
10.0%CNTs > Cu6Zn3Al1-15.0%CNTs > Cu6Zn3Al1-0.0%CNTs, in line with the 
sequence of their catalytic activity for hydrogenation of CO/CO2 to methanol.  
The XRD determinations showed that, on the functioning 
Cu6Zn3Al1-12.5%CNTs catalysts, three strong Cu0 peaks (2θ = 43.2°, 50.4°, and 
74.4°) and a weak Cu2O peak (2θ = 36.4°) were simultaneously observed, indicating 
that there co-existed two crystallite-phases of Cu0X and Cu2O in the functioning 
catalyst, with the amounts of Cu0-species being two times more than that of 
Cu+-species estimated. 
The XPS-Auger measurements indicated that, on the functioning 
Cu6Zn3Al1-12.5%CNTs catalyst, the concentration of surface Cu+-species was under 


















Cu0(2P3/2/2P1/2) = 932.9/952.8 eV(B.E.) and the Cu0(L3M45M45) = 569.4 eV(B.E.). 
The H2-TPD measurement demonstrated that the CNTs-promoted catalysts 
could adsorb and storage a considerable quantity of hydrogen at the temperatures for 
methanol synthesis (453~563 K for the present work). The ratio of relative 
area-intensities of the higher-temperature peaks (peaks-II at 453~773 K), which was 
closely associated with surface hydrogen adspecies on the functioning catalyst, was 
(Cu6Zn3Al1-12.5%CNTs) / (Cu6Zn3Al1-10.0%CNTs) / (Cu6Zn3Al1-15.0%CNTs) / 
(Cu6Zn3Al1-0%CNTs) = 100/82/74/43. This suggested that the sequence of 
increasing surface concentration of hydrogen-adspecies at the functioning catalysts 
was: Cu6Zn3Al1-12.5%CNTs > Cu6Zn3Al1-10.0%CNTs > Cu6Zn3Al1-15.0%CNTs > 
Cu6Zn3Al1-0%CNTs, in line with the observed sequence of catalytic activity of these 
catalysts for methanol synthesis. This would be beneficial to generating 
micro-environments with higher stationary-state concentration of active 
hydrogen-adspecies on the surface of functioning catalyst, and thus, in favor of 
enhancing the rate of the surface hydrogenation reactions.  
The CO-TPD spectra of CO adsorbed on the pre-reduced Cu6Zn3Al1- 
12.5%CNTs catalyst at 433 K showed that the area-intensity of the 
higher-temperature peak (most probably due to desorption of the CO-adspecies 
associated closely with methanol synthesis) was considerably higher than that of the 
CNTs-free Cu6Zn3Al1 catalyst; there were three kinds of surface sites, Cu+, Cu0 and 
Zn2+, for CO adsorption on these catalysts, with the corresponding adsorbed CO all 
in the nondissociative types; the appropriate incorporation of a minor amount of the 
CNTs into the Cu6Zn3Al1 can significantly advance capacity of the catalyst to adsorb 
CO, which would be conducive to increasing the surface concentration of adsorbed 



















The investigations of TPD-TPSR of H2/CO and H2/CO/CO2 demonstrate that 
the appropriate incorporation of a minor amount of the CNTs into the Cu6Zn3Al1 can 
significantly increase capacity of the catalyst for co-adsorption of H2/CO and 
H2/CO/CO2. The sequence of their capacities for co-adsorption of H2/CO or 
H2/CO/CO2 was: Cu6Zn3Al1-12.5%CNTs > Cu6Zn3Al1-10.0%CNTs > Cu6Zn3Al1- 
15.0%CNTs > Cu6Zn3Al1-0.0%CNTs, in line with the observed sequence of catalytic 
activity of these catalysts for methanol synthesis. Owing to participation of CO2, the 
CO hydrogenation was greatly accelerated and the whole process of TPD-TPSR 
came to an end with temperature running up to ~600 K, which also provided 
additional evidence for that CO2 in the feedgas was a participating component 
indispensable to continuously fast conversion of the syngas to methanol. 
 
3. Nature of the CNT Promoter Action 
 
The measurements of the BET-specific surface area and Cu surface area 
indicated that appropriate incorporation of a minor amount of the CNTs into the 
Cu6Zn3Al1 led to a considerable increase in specific surface area and Cu surface area 
of catalyst. This was undoubtedly in favor of enhancing the specific activity of the 
catalyst. Nevertheless, it would be difficult to be convinced that the pronounced 
increase in methanol-STY was solely attributed to the difference in their Cu surface 
area. Besides, the difference in the surface areas could hardly rationalize the 
remarkable increase in the intrinsic methanol-formation rate. 
Thus, it appears that the high activity of the CNT-supported catalyst for 


















properties of the CNTs as carrier. It could be inferred from the present TPD 
investigations that there would exist a considerably greater amount of 
hydrogen-adspecies on the CNT carrier under the condition of methanol synthesis 
used in the present study. This would lead to higher stationary-state concentration of 
active hydrogen-adspecies on the surface of the functioning catalyst, and thus favor 
a series of surface hydrogenation reactions in the process of CO/CO2 hydrogenation 
to methanol. On the other hand, the operation temperature of the catalyst supported 
by CNTs for methanol synthesis can be 20 or 40 K lower than that of the 
corresponding system supported by AC or γ-Al2O3. This would contribute 
considerably to an increase in equilibrium conversion of CO and space-time-yield of 
CH3OH. 
The results of the present study indicated that the CNTs served not only as 
carrier, but also as an excellent promoter, and that its unique feature of adsorbing H2 
may play an important role in effectively promoting the methanol synthesis.  
 
 
Keywords: Carbon-nanotubes; CNTs-carrier; CNTs-promoter; CNTs-promoted 
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